Introduction
Functional respiratory imaging (FRI), a post-processing technology, utilizes multislice high-resolution computed tomography (HRCT) scans and computational fluid dynamics to quantify anatomic and functional information in the respiratory system. FRI is considered a more sensitive method of investigating pharmacologically induced changes in the lungs than classical lung function tests. [1] [2] [3] This image-based method opens up the possibility of providing a comprehensive assessment of airway tree changes both centrally and distally 1, 2 and has been used to detect regional changes in the 3D airway geometry in patients with COPD following bronchodilator treatment and to provide insights into the physiological effects of bronchodilators. [1] [2] [3] FRI can generate functional data about airflow and drug deposition throughout the lobes of the lung. Previous FRI studies have assessed local and/or whole lung changes in airway volume and resistance in various settings, including after non-invasive or intrapulmonary percussive ventilation in patients with COPD; after surgical lung resection in patients with lung cancer; after receiving inhaled corticosteroid/long-acting β 2 -agonist (ICS/LABA) fixed-dose combination (FDC) treatment in patients with asthma; and after receiving treatment with short-acting bronchodilators, roflumilast plus ICS/long-acting muscarinic antagonist (LAMA)/LABA, mucolytics, or ICS/LABA FDCs in patients with COPD. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Glycopyrrolate/formoterol fumarate delivered by a metered dose inhaler (GFF MDI) is a LAMA/LABA bronchodilator FDC comprising glycopyrrolate/formoterol fumarate (GFF) delivered via a metered dose inhaler (MDI) and formulated using co-suspension delivery technology. 11 In patients with moderate-to-very severe COPD, twicedaily GFF MDI 18/9.6 µg (equivalent to glycopyrronium/ formoterol fumarate dihydrate 14.4/10 µg) improved lung function and reduced hyperinflation, as demonstrated by improvements in inspiratory capacity (IC). [12] [13] [14] This study uses FRI to further characterize the physiological effects of GFF MDI in patients with COPD, in addition to more traditional techniques such as spirometry and plethysmography. FRI is able to assess changes in volume and resistance in the third to the eighth bronchi generations, which allows for more precise evaluation of the anatomic areas in which GFF MDI exerts its activity than traditional techniques. The primary objective of this study was to assess, for the first time, the effect of 2 weeks of GFF MDI 18/9.6 µg treatment compared with placebo MDI on specific image-based airway volume (siVaw) and specific imagebased airway resistance (siRaw) using FRI in patients with moderate-to-severe COPD (NCT02643082). Figure 1 shows the patient flow for this randomized, doubleblind, two-treatment, two-period, crossover, 2-week dosing, Phase IIIB study that was conducted at a single site in 
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FrI assessment of gFF MDI in patients with COPD Belgium between January 11, 2016, and December 14, 2016. Patients received GFF MDI 18/9.6 µg twice daily and placebo MDI twice daily, delivered using innovative co-suspension delivery technology (Figure 2) .
LAMAs, LABAs, LAMA/LABA FDCs, short-acting β 2 -agonists, short-acting muscarinic antagonists, short-acting β 2 -agonists/short-acting muscarinic antagonists, oral β-agonists, theophylline (.400 mg/day), ICS/LABA FDCs, and leukotriene antagonists were discontinued prior to randomization and were not permitted throughout the study. Patients received sponsorprovided ipratropium bromide MDI (Atrovent ® hydrofluoroalkane [Boehringer Ingelheim, Ingelheim am Rhein, Germany]) up to four times daily during the 7-21-day run-in and the 5-21-day wash-out periods, and albuterol sulfate MDI (Ventolin ® hydrofluoroalkane [GlaxoSmithKline plc, Brentford, London, UK]), for rescue use as needed throughout the study. Patients were permitted to receive maintenance ICS and/or roflumilast if they had been on a stable dose prior to enrolling in the study.
ethics approval and informed consent
All patients provided written informed consent prior to any study-specific procedures. The study protocol was approved by the Universitair Ziekenhuis Antwerpen Ethics Committee (Wilrijkstraat 10, Edegem, Antwerp, Belgium 2650; approval number 15/44/465), and the study was performed in accordance with the Declaration of Helsinki and Good Clinical Practice Guidelines, applicable regulatory requirements, and the AstraZeneca policy on Bioethics.
Patient population
Patients were 40-80 years of age, with an established clinical history of moderate-to-severe COPD at screening (as defined by the European Respiratory Society and American Thoracic Society), 15 with a pre-bronchodilator forced expiratory volume in 1 second (FEV 1 )/forced vital capacity (FVC) ratio of ,0.7 and a post-bronchodilator FEV 1 .30% and ,80% of predicted normal. Patients had a smoking history of $10 pack-years and were willing to remain at the study center to complete all assessments. Exclusion criteria are included as Supplementary materials.
Efficacy assessments
Co-primary endpoints were siVaw and siRaw, relative to the lobar volume, at Day 15 (assessed using FRI). Secondary FRI endpoints included image-based airway volume (iVaw) and image-based airway resistance (iRaw) without adjustment for lobar volume at Day 15, and other FRI endpoints included image-based lobe volume (iVlobe) at total lung capacity (TLC) at Day 15 and mass of deposited particles at TLC. The secondary spirometry endpoint was change from baseline in post-dose FEV 1 , and other spirometry endpoints included change from baseline in IC and FVC, all at Day 15. The body plethysmography secondary endpoint was ratio to baseline in post-dose functional respiratory capacity (FRC), and other body plethysmography endpoints were residual volume (RV), TLC, airway resistance, specific airway resistance, and specific airway conductance, all ratio to baseline at Day 15. De Backer et al FRI was performed on the distal airways as described in the study by Hajian et al. 16 Details are included in Supplementary materials. Analysis of mass of deposited particles was performed as previously described in the study by De Backer et al. 17 Spirometry assessments were performed at screening, 60 minutes and 30 minutes pre-dose on Days 1 and 15 and between 1 hour and 2.5 hours post-dose (after HRCT) on Day 15, in accordance with American Thoracic Society criteria. 18 Body plethysmography was performed 30 minutes predose on Day 1 and between 1 hour and 2.5 hours post-dose (after spirometry) on Day 15.
safety
The safety assessments included physical examinations, vital sign measurements, electrocardiograms, and clinical laboratory tests. Adverse events (AEs) were monitored throughout the study.
statistical analyses
The intent-to-treat population included all patients who were randomized and was used to conduct the efficacy analyses in all patients with evaluable post-baseline data. The safety population included all patients who were randomized and received at least one dose of study drug.
A sample size of 20 patients was selected using a sample size calculation (90% power and a significance level of 0.05) based upon a previous FRI study. 1 Seven patients were required to assess iVaw, assuming a difference of 1 mL and an SD of within-patient differences of 0.6 mL. Seventeen patients were needed to detect changes in iRaw. 1 Functional data including siVaw and siRaw are presented as an average across all lobes of the lung. The Day 15 value for each FRI parameter in each period was analyzed using a linear mixed-effects model, with fixed effects for period, treatment, lobe, and treatment-by-lobe interaction. Data were logarithmically transformed prior to analysis. A multilevel model was used to incorporate the repeated measurements from the lobes for each patient. For the primary efficacy endpoints, Hochberg's step-up procedure was used as multiplicity adjustment for Type I error control. For spirometry and plethysmography endpoints, patient-average baselines were used based upon the mean of all available pre-dose assessments on Day 1 of both treatment periods (TPs). Pearson correlation coefficients were estimated to determine the association between FRI parameters and traditional spirometry and plethysmography assessments, in terms of change from baseline to Day 15. Due to the regional character of FRI parameters, the log of the ratio of geometric mean values across all lobes of the lung was taken for these analyses.
Results
study population
Twenty patients were randomized and received treatment. Nineteen (95%) completed both TPs (Figure 1 ). One patient withdrew from the study while receiving GFF MDI treatment before the post-dose assessment and did not receive placebo MDI treatment. This patient had no post-randomization efficacy data and was therefore not included in efficacy analyses. Patients were 46-78 years of age, with an average post-bronchodilator FEV 1 at screening of 60.1% of predicted normal. The demographics and baseline characteristics are summarized in Table 1 , and details on prior COPD-related medications are shown in Table S1 .
FrI
Treatment with GFF MDI resulted in a 75% increase in airway volume vs placebo MDI (siVaw; P,0.0001; Figure 3 ). These increases were seen consistently in all lobes, ranging from 66% to 88% within individual lobes, with the lower lobes showing numerically greater improvement in siVaw vs placebo MDI (85%-88% increase) compared with the middle and upper lobes (66%-69% increase). Airway resistance (as measured by siRaw) was reduced by 71% following treatment with GFF MDI vs placebo MDI (P,0.0001; Figure 4 ). These reductions were also seen consistently in all lobes, ranging from 65% to 77% within individual lobes. Corresponding effects were seen in iVaw (79% increase; P,0.0001) and iRaw (71% decrease; P,0.0001), as there was no significant difference between treatments in change from baseline in iVlobe at TLC (least squares mean [LSM] ratio: 1.01; P=0.2902).
For the mass of deposited particles simulation, 48.6% of the delivered glycopyrronium and 47.9% of the delivered formoterol fumarate were estimated to reach the lobes.
spirometry
Treatment with GFF MDI led to an improvement vs placebo MDI on Day 15 in LSM change from baseline in post-dose FEV 1 (443 mL; P,0.0001), IC (454 mL; P=0.0006), and FVC (589 mL; P,0.0001; Figure 5 ). Increase in FEV 1 from baseline to Day 15 was strongly correlated with improvements in both siVaw (R 2 =0.71, P,0.001; Figure 6A ) and siRaw (R 2 =0.75, P,0.001; Figure 6B ).
Body plethysmography
GFF MDI treatment led to significantly reduced post-dose FRC and RV vs placebo MDI (geometric LSM ratios: 0.87 and 0.78, respectively; both P,0.0001; Figure 7 ). There was a small decrease of 3% in TLC for GFF MDI vs placebo MDI (geometric LSM ratio: 0.97; P=0.0110; Figure 7 ). Improvements were also seen in airway resistance, specific airway resistance, and specific airway conductance (geometric LSM ratios: 0.48, 0.43, and 2.32, respectively; all P,0.0001).
The change in specific airway conductance from baseline to Day 15 was strongly correlated with the changes from baseline in both siVaw (R 2 =0.74, P,0.001; Figure S1A ) and siRaw (R 2 =0.71, P,0.001; Figure S1B ).
safety
Overall, 15 patients reported $1 treatment-emergent AE (TEAE): 12 patients experienced a TEAE during the GFF MDI treatment period and eight patients experienced a TEAE during the placebo MDI treatment period. The most commonly observed AEs are listed in Table 2 . Two serious TEAEs occurred: one acute myocardial infarction during treatment with GFF MDI and one acute coronary syndrome following treatment with placebo. Both were assessed by the investigator as possibly being related to the study drug. One patient discontinued the study due to a TEAE (severe tremor) that was considered by the investigator to be definitely related to the study drug. This patient had received 2 days of GFF MDI treatment when the event started and discontinued treatment 5 days later. The patient recovered 2 days after discontinuation.
There were no deaths during the study.
Discussion
In this Phase IIIB study using FRI to assess the effects of GFF MDI in patients with moderate-to-severe COPD, GFF MDI 18/9.6 µg increased specific airway volume by 75% and reduced specific airway resistance by 71%, compared with placebo MDI. The FRI-observed changes occurred distally, between the third and eighth bronchi generations, and 
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were associated with clinically meaningful improvements in post-dose FEV 1 and IC. 19 This indicates an important reduction in hyperinflation after treatment with GFF MDI. [20] [21] [22] [23] Furthermore, the improvements in lung function with GFF MDI vs placebo MDI seen in this study were consistently reflected across other FRI, spirometry, and body plethysmography evaluations. Improvements in specific airway volume and resistance were highly correlated with the magnitude of improvement in FEV 1 , suggesting that these FRI parameters mirror the findings of spirometric testing, with the added benefit of indicating the regional distribution of the effects on lung function.
The FRI showed homogeneous increases in airway volume and decreases in airway resistance across all lobes of the lung. Although no direct head-to-head comparisons have been made, the homogeneous improvements in airway volume and resistance in this study appeared to be more uniform than previous FRI studies of other COPD inhalation therapies, including ICS/LABA combinations. [1] [2] [3] This increase in volume and decrease in resistance across all lobes of the lung led to increased airflow throughout all regions of the lung and may ultimately avoid ventilation/perfusion mismatch due to selective bronchodilation in poorly perfused areas of the lung. In other FRI studies of bronchodilators in patients with severe COPD, single doses of the short-acting bronchodilators ipratropium bromide (80 µg) and salbutamol (400 µg) -both double the standard prescribed dose for the treatment of COPD and administered with a valved spacer -showed a ~32% increase in distal airway volume and a ~58% decrease in distal airway resistance, with each treatment compared to pre-dose. 2 In addition, single-dose beclomethasone/formoterol 200/12 µg MDI and budesonide/formoterol 160/4.5 µg dry powder inhaler significantly increased airway volume by around 10% (siVaw vs baseline and iVaw vs placebo) and reduced airway resistance by around 35% (siRaw vs baseline) and 16% (iRaw difference from placebo), respectively, in patients with COPD. 1, 3 The homogeneous bronchodilation observed in this study supports the findings from a gamma scintigraphy study in healthy subjects, 24 which found that GFF MDI was deposited in all regions of the lungs. FRI is also able to provide an image-based, numeric measure of drug deposition in the lungs 17 and, using patient-specific inhalation profiles, estimated that approximately 48% of the total delivered dose of glycopyrronium and formoterol fumarate from GFF MDI could be deposited in the lungs. These FRI-based deposition results were higher than the gamma scintigraphy study (a 2D-imaging technique using 99m Tc radiolabels) that reported a lung deposition of 38% of the emitted dose of GFF MDI. 24 In this study of patients with COPD, the simulation provided information about total drug deposition characteristics of 
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Given the short TP, the minimal change in FRI-measured iVlobe in patients following GFF MDI or placebo MDI treatment was not unexpected and reflected the consistency of the FRI measurement.
Although HRCT is considered minimally invasive, the scan protocols kept the radiation dose lower than that of a traditional chest computed tomography (CT) scan (1-2 mSv vs 7 mSv). Despite the relatively small population, the study was well powered, and the size is not unusual for a study of this type.
1,2,5 The 14-day study duration ensured that steadystate pharmacokinetics were achieved for glycopyrrolate and formoterol. 11, 13 GFF MDI treatment was associated with statistically significant and clinically meaningful improvements in spirometry-measured post-dose FEV 1 , IC, and FVC vs placebo MDI. The improvements in IC were consistent with two 4-week studies of GFF MDI in patients with moderate-tovery severe COPD (248-381 mL peak change from baseline in IC) and a 7-day study of higher doses of GFF MDI (GFF MDI 72/9.6 µg and 36/9.6 µg; 265-293 mL peak change from baseline in IC). 13, 14 GFF MDI treatment amounted to a decrease of approximately half a liter in FRC and RV vs placebo MDI (13% and 22%, respectively), which is consistent with the reduction in FRI airway resistance observed and implies a reduction in air trapping and hyperinflation. These results are similar to those reported for two placebocontrolled LAMA/LABA studies of aclidinium/formoterol (400/12 µg; 4 weeks) and tiotropium/olodaterol (2.5/5 µg and 5/5 µg; 6 weeks), which reported change from baseline improvements vs placebo in an FRC of 366-535 mL and in RV in the region of 465-660 mL. 25, 26 The safety findings were consistent with the known safety profile of GFF MDI, and the AEs were expected within a population of patients with moderate-to-severe COPD.
GFF MDI is formulated using co-suspension delivery technology that has demonstrated uniform delivery throughout the whole lung in vivo 24 and consistent dose delivery in the presence of simulated patient-handling errors in vitro. 27 This study, which evaluated the physiologic effects of GFF MDI drug delivery, evidenced bronchodilator distribution throughout the lung, resulting in improvements in airway volume, airway resistance, bronchodilation, and hyperinflation.
Conclusion
In this FRI study of lung function in patients with moderateto-severe COPD, the dual bronchodilator GFF MDI 18/9.6 µg demonstrated significant, clinically meaningful benefits on airway volume and resistance associated with drug deposition throughout the whole lung. Using FRI has allowed for further regional characterization of the bronchodilator effects of GFF MDI in patients with COPD, alongside more traditional techniques, which has further demonstrated the physiological effects behind the clinically meaningful improvements in FEV 1 and lung hyperinflation parameters. involved in these studies. The authors also thank Sarvajna Dwivedi (Pearl -a member of the AstraZeneca Group) for his valuable contributions. Medical writing support, under the direction of the authors, was provided by Siobhán Hoy BSc of CMC Connect, a division of Complete Medical Communications Ltd, Glasgow, UK, funded by AstraZeneca, Cambridge, UK in accordance with Good Publication Practice (GPP3) guidelines. 28 This study was supported by Pearl -a member of the AstraZeneca Group. The funder of the study was involved in the study design, data analysis, data interpretation, and writing of the report. All authors had full access to all the data in the study and the corresponding author had the final responsibility for the decision to submit for publication. 
Author contributions
The study concept and design was constructed by WDB, JDB, CVH, BH, SS, and CR. The acquisition, analysis, or interpretation of the data was performed by WDB, JDB, IV, CVH, WV, JC, BH, MJ, CR, and UJM. Study initiation/ investigator meeting at site was done by SS. The statistical analysis was performed by WV, CVH, BH, MJ, and CR. The drafting of the manuscript was performed by WDB, JDB, IV, 
2682
De Backer et al CVH, WV, JC, BH, SS, MJ, CR, and UJM. All authors contributed toward data analysis, drafting and revising the paper and agree to be accountable for all aspects of the work.
Disclosure
WDB, JC, and BH have no real or perceived conflicts of interest that relate to this manuscript. WDB's department has received grants from AstraZeneca, Chiesi, and GlaxoSmithKline. JDB is the Chief Executive Officer and founder of FLUIDDA and holds shares in the company. WV is an employee of FLUIDDA and holds shares in the company. IV and CVH are employees of FLUIDDA. SS, MJ, and UJM are employees of AstraZeneca. CR is the Chief Executive Officer of Pearl -a member of the AstraZeneca Groupand an employee of AstraZeneca. All Pearl and AstraZeneca employees own AstraZeneca stocks. The authors report no other conflicts of interest in this work.
2683
Supplementary materials Methods
Patients were excluded if they had a current diagnosis of asthma or other respiratory disorders (where the severity of the disorder would impact the conduct of the study in the opinion of the Investigator); had been hospitalized due to poorly controlled COPD within 3 months prior to screening or during the run-in period; or had been treated with oral corticosteroids or antibiotics due to poorly controlled COPD within 6 weeks prior to screening or during the run-in period. Patients taking oral steroids (equivalent to prednisone 5 mg per day or 10 mg every other day) for at least 3 months prior to screening were eligible for enrollment, provided the dose remained stable during the run-in period. Patients who had lung volume reduction surgery within 1 year prior to screening, required long-term oxygen therapy for more than 12 hours a day, and patients who had a recent change in smoking status or initiated a smoking cessation program (within 6 weeks prior to screening or within the run-in period) were also excluded.
The pre-dose high-resolution computed tomography (HRCT) scans were performed at total lung capacity (TLC) and functional residual capacity (FRC) on Day 1. On Day 15, post-dose HRCT scans were performed at TLC using a GE VCT LightSpeed™ 64-slice scanner (General Electric Company, Boston, MA, USA). These HRCT images were imported into Mimics ® , an FDA-approved medical image processing software package (Materialise, Leuven, Belgium), and converted into subject-specific, 3D computer models of the airways and lungs. Airway volume inside the airway tree (image-based airway volume [iVaw] ) was evaluated at FRC and TLC levels down to bronchi with a diameter of around 1-2 mm. A typical airway model includes 5-10 generations, mainly depending on the disease state of the individual subject. Evaluating lobe volume at FRC and TLC allowed for determination of lobar expansion and consequently internal mass flow distribution, which were used as boundary conditions for the computational fluid dynamics.
The airway trees were divided into discrete tetrahedral elements in the meshing software package TGrid™ 14.0 (Ansys, Inc., Canonsburg, PA, USA). Flow and particle properties were obtained throughout the entire flow domain using Ansys Fluent 14.0 (Ansys, Inc.).
Airway resistance (image-based airway resistance [iRaw]) was defined as the total pressure drop over the airway divided by the flow rate through that airway. Specific imagebased airway resistance (siRaw) was derived by multiplying iRaw for each lobe by the corresponding lobe volume (imagebased lobe volume [iVlobe]). Specific image-based airway volume (siVaw) was derived by dividing iVaw for each lobe by the iVlobe. 
